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The relativistic kinetic equations (RKE) for lepton plasma in the presence of a strong external
magnetic eld are derived in Vlasov approximation. The new RKE for the electron spin distribution
function includes the weak interaction with neutrinos originated by the axial vector current (∼ cA)
and provided by the parity nonconservation. The isotropic medium limit with zero magnetic eld is
checked against recent developments of the dispersion equation in an isotropic plasma with the neu-
trino component. The clear form of the neutrino RKE accounting for the neutrino electromagnetic
formfactors in an isotropic plasma with the quasi-static and high-frequency self-consistent electro-
magnetic eld limits that lead to the appearance of the corresponding induced electric charges of
neutrino is presented. In a polarized electron gas Bloch equation describing the evolution of the
magnetization density perturbation is derived from the electron spin RKE being modied in the
presence of neutrino fluxes. Such modied hydrodynamical equation allows to obtain the new dis-
persion equation in a magnetized plasma from which the neutrino driven instability of spin waves
can be found. It is shown that this instability is more ecient than the analogous one for Langmuir
waves enhanced in an isotropic plasma.
I. INTRODUCTION
When he conjectured the existence of the neutrino, Pauli imposed very stringent bounds on its electrical neutrality.
Nevertheless, the direct (=weak) interaction of neutrino with electrons and positrons shows a principle possibility
of the interaction of neutrino with the electromagnetic eld. However, in vacuum this interaction is negligible. The
situation is extremely changed in media with free carriers of the electric charge such as a dense plasma of metals,
stars, the lepton plasma of the early Universe, etc.
It was shown in [1{3] that the electrodynamics of neutrinos is changed in such media comparing with the electro-
dynamics of neutrinos in vacuum. The main distinction is the appearance of the induced electric charge of neutrino
which is proportional to the density of free carriers of electricity 1. Namely this leads to the new qualitative eect:
the appearance of the long-distance forces inevitably leads to the collective interactions of neutrino with an ensemble
of charged particles through electromagnetic eld.
The approximation of the neutrino propagation in an isotropic plasma considered in [1{6] and then in [7] has some
natural bounds for applications in astrophysics. Therefore one needs to have the self-consistent system of kinetic
equations of the most general kind applicable for other astrophysical plasmas including magnetized stars.
Really this occurs a new problem unsolved before in the neutrino kinetics while in the one-particle approach using
the Schro¨dinger equation it has been already demonstrated the importance of the axial vector potential for the neutrino
propagation in a magnetized plasma (VA <  eγiγ5 e > Bi) that provides the interaction of neutrino with the
magnetic eld B without any neutrino magnetic moment [8] and could explain, e.g. the neutron star kick [9].
In the present work in equations for the self-consistent elds and particles we have taken into account the spin
interactions of electrons that are important for neutrino propagation in a dense degenerate electron gas polarized by
the external magnetic eld.
In section 2 we have presented the full set of the coupled Relativistic Kinetic Equations (RKE) for electrons and
neutrinos in the lepton plasma with an external magnetic eld including the self-consistent electromagnetic eld
contribution. These RKE are derived using the Bogolyubov method analogously to the way described in details for
an isotropic plasma in [6].
In subsection 2.1 we discuss the isotropic limit for the neutrino RKE explaining the physical sense of the damping
force which is linear over the Fermi constant GF and in some limits can be connected with an induced electric charge
1There appears also induced magnetic moment of neutrino [4], cross-sections of the neutrino scattering o nuclei are modied
in plasmas especially in low energy region [5] and so on.
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of neutrino in an isotropic plasma. Then in the same subsection we reproduce the dispersion equation accounting
also for the - and ee- weak scattering through Z(0)-boson [6] and comparing this equation with the recent formulae
obtained in [7,10].
In subsection 2.2. we discuss the equilibrium state in an electron gas polarized by the external magnetic eld
B0 6= 0.
In section 3 we have generalized Bloch equation for the evolution of the magnetization density perturbation in the
presence of neutrino fluxes. In section 4 neglecting spatial dispersion we obtain the increment of spin waves excited
by the neutrino beam and compare it with the case of the neutrino driven instability of plasma waves in an isotropic
plasma.
In section 5 we discuss results and give some estimates of relevant parameters in a polarized medium.
II. RELATIVISTIC KINETIC EQUATIONS FOR LEPTON PLASMA IN VLASOV APPROXIMATION
The kinetic equations in the Standard Model (SM) are derived from the quantum Liouville equation for the non-
equilibrium statistical operator ^(t) using the Bogolyubov method with the total interaction Hamiltonian given by the
Feynman diagrams for the neutrino scattering o electrons and the usual ee-scattering in QED [6]. For a magnetized
plasma we do not consider -scattering and have neglected weak ee-scattering comparing with the electromagnetic
interaction of charged particles through the photon exchange.





p+k/2,r′) is determined as the statistical
average of the product of creation (b^+(a)pr ) and annihilation (b^
(a)
p′r′) operators for the lepton a = e; . In the case of
electrons it takes of the form
f^
(e)








where  = 1 is the eigenvalue of the spin projection on an external magnetic eld. E.g. for the magnetic eld
B = (0; 0; B0) only the spin component z commutes with the Hamiltonian for electrons, [z; H^(e)]=0, hence (z)λ′λ =
λ′λ. Not assuming a neutrino magnetic moment the one-particle density matrix for massless Dirac neutrinos
corresponds to the active (left-handed, r = −1) neutrino distribution function only,
f^
(ν)
r′r (q;x; t) =
(1− r)r′r
2
f (ν)(q;x; t) ;
where in an uniform medium the helicity r = 1 conserves, (iqi)r′r = qrr′r.











































































= 0 ; (2)
for electrons where cV = 2  0:5, cA = 0:5 are the vector and axial weak couplings with upper (lower) sign for
electron (muon or tau) neutrinos correspondingly .
Note that in the presence of the external magnetic eld B0 the neutrino parts of these Vlasov equations dier from
the analogous ones used in [7] due the inclusion of axial vector interactions ( cA) in the total e-scattering amplitude
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that allows us to consider also collective interactions of µ and τ -neutrinos for which the vector coupling cV is small,
cV = 2 − 0:5  0.
Incorporating the weak interaction of electrons with neutrinos we have derived the RKE for the electron spin








































= 0 ; (3)
that is the relativistic generalization in SM of the kinetic equation for spin waves in nonferromagnetic metals [11]
while we have considered here the Fermi gas of free electrons in contrast with the quasi-particle approach for metals
and neglected also exchange interactions (neglecting exchange Feynman diagrams for the ee-scattering meaning here
that the long-range forces are dominant). Moreover, we assume the quasi-classical electron spectrum in a realistic
external magnetic eld B0 obeying the inequality eB0  T 2, or the Landau spectrum "p(; n) = (m2e + p2z+ j e j
B0(2n+ 1− ))1/2 contains the small paramagnetic (spin) correction to the continuous spectrum "p =
√
p2 +m2e,
"p() = "p −  j e j B02"p ; (4)
where  = 1 and we have changed j e j B0(2n+ 1) = p2? for large Landau numbers n 1.
The system of RKE’s is completed by the Maxwell equations for the electromagnetic eld Fµν(x; t) accounting for





= [rE(x; t)] ;
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In eqs. (1){(5) e = − j e j is the electric charge of the electron; GF is the Fermi constant; B = eh=2mec is the Bohr
magneton; γ = "e=me is the γ-factor using here and in the following units h = c = 1; the latin indices run i; j = 1; 2; 3
and the greek ones are  = 0; 1; 2; 3 for scalars written in the Feynman metrics, AµBµ = A0B0 −AiBi.
In the non-relativistic (NR) limit j v j 1 (γ ! 1) the last term drops and eq. (5) coincides with the Maxwell
equation in a magnetized medium:
[r (B− 4M)] = 4j + @E
@t
; (6)
where M(x; t) = B
∫
d3pS(p;x; t)=(2)3 is the magnetization density of NR plasma.
Multiplying eq. (3) by the energy "p and the spin distribution function Si(p;x; t) we obtain the covariant RKE for
the Lorentz-invariant product aµ(p;x; t)aµ(p;x; t) = −(S(e)(p;x; t))2 where we have introduced in eq. (1) the 4-vector
a
(e)
µ (p;x; t)  aiµ(p)Si(p;x; t) that is the statistical generalization [6] of the Pauli-Lubanski 4-vector aµ = (aµi (p)i)
and has the components









Note that for the uniform electron beam (S(e)i (p; t) = Si(t)(2)
3ne0
(3)(p− p0))















that occurs exactly the Bargman-Mishel-Telegdi equation for the electron spin motion with the normal magnetic
moment B [12]. In general, it is possible to generalize eq. (3) adding the electromagnetic scattering of electrons
through anomalous magnetic moment (Schwinger correction 0 = (=2)B) that could lead to additional terms
similar to electromagnetic terms in the neutrino spin RKE [13].
A. Isotropic medium limit
Here we reproduce some results obtained by authors for the case B0 = 0 and developed in literature for the last
decade identifying these old formulae with the analogous ones derived in numerous recent references and giving some
extension of the dispersion equation [7,10].
a) Induced electric charge and damping force for neutrinos
Neglecting weak interactions for electrons and substituting the solution of the Boltzman equation (2) obtained in
the linear approximation f (e)(p;x; t) = f (e)0 ("p)+f
(e)(p;x; t) into the neutrino RKE (1) one can derive the tractable

















= 0 ; (7)
where Fl(!; k) and Ftr(!; k) are the neutrino electromagnetic formfactors,
Fl(!; k) = GF
p
2cV ("l(!; k)− 1)Q2= ;
Ftr(!; k) = GF
p
2cV ("tr(!; k)− 1)!2= ; (8)
given by the longitudinal and transversal permittivities "l,tr(!; k) of an isotropic plasma and derived in [6] using the
RKE approach and using the Finite Temperature Field Theory (FTFT) method in [14] for the neutrino electromagnetic
vertex.
Here Qµ = (!;k) is the four momentum transfer; the unit vector n = q=q is the velocity of massless neutrino ;
E = Ek + E?, B are the electromagnetic elds in the dispersive medium, and Ek = k(kE)=k2.
In the FTFT approach the same result for the third term in the RKE eq. (7) can be obtained from the statistical
QED loop correction to the neutrino four-vector potential in plasma























given by the antisymmetric tensor F (V )iµ = @V
(V )
µ (x; t)=@xi − @V (V )i (x; t)=@xµ.
It is obvious that the third term on the left-hand side of eq. (7) is proportional to the force of electromagnetic
origin. Whereas for a point charge e (when the form factors are equal to unity: Fl = Ftr = 1) this term is determined
by the Lorentz force, i.e., is equal to the standard expression e(E(x; t) + [n  B(x; t)])@f(q;x; t)=@q, for neutrinos
with allowance for the Fermi constant to the electric charge, GF  e2=M2W , the third term in eq. (7) is proportional
to the radiative damping force ( e3).
The polarization origin of such a force becomes obvious after simple manipulations in eq. (7) using the explicit
expressions (8) for the form factors Fl and Ftr in an isotropic dispersive medium, for which the Fourier integrals can
















is proportional to the second derivative of the polarization vector of the dispersive medium:
4Pn(x; t) = Dn(x; t) − En(x; t) ;
which is equal to the dierence between the vectors of the electric displacement, Dn(x; t) =
∫
d4x0"nj(x − x0; t −
t0)Ej(x0; t), and the electric eld intensity En(x; t).
In vacuum (since D−E = 0 neglecting vacuum polarization), the eect corresponding to plasmon emission by the
moving neutrino ( !  + γ) disappears, i.e., there is no damping force in eq. (7).
Note that this damping force coincides with the result in [7] if we use the standard Maxwell equations in macro-
scopic electrodynamics [15] @nP=@xn = − = −ene(x; t) = −e
∫
d3pfe(p;x; t)=(2)3 and @Pn=@t = jn(x; t) =
e
∫













where V is the electron fluid velocity. This expression follows also from Eq. (17’) in the ref. [6].
Finally, in special cases of the excitation in a dispersive medium of electrostatic waves (!  k < v >) or the
propagation of a high-frequency transverse wave (!  k < v >) the force term (9) can be represented in the form of









which is proportional to the neutrino induced electric charges, to the quasi-static one [1], eindν =
−jejGF cV =(2
p
2r2D), or to ~e
ind
ν = −jejGF cV !2p=(2
p
2) [16] given by the Debye radius rD or by the Langmuir
(plasma) frequency !p =< v > =rD correspondingly.
b) Dispersion equation for longitudinal waves in isotropic lepton plasma
Adding the - and ee-scattering through Z(0)-boson in the interaction Hamiltonian and omitting terms with
spin waves for the case B0 = 0 , after the Fourier transformation f (a)(p;x; t) =
∫
d4Qe−iQxf (a)(p;k; !)=(2)4 with
the following division of the neutrino and electron kinetic equations by q(! − kn) and "p(! − kv) correspondingly
one can derive the dispersion equation for longitudinal waves in the lepton plasma as the determinant D = 0 of
the algebraic system for the Fourier transforms of the densities nν(k; !) =
∫
d3qf (ν)q;k; !)=(2)3 and n(e)(k; !) =∫





















= 0 : (10)
Here







(! − kv) ;








are the longitudinal permittivities for the electron and neutrino components correspondingly;  = sin2 W  0:23 is
the SM (Weinberg) parameter.
For comparison with results [7,10] in the case of electron neutrinos (cV e = 0:5 + 2) this dispersion equation can
be rewritten as
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(! − kn) = 0 ; (11)
where GF = 2
p
2=M2Z sin
2 2W is the Fermi constant, ν = 2G2Fne0nν0=me is the weak parameter introduced




0 are the equilibrium distribution functions normalized on the corresponding density and
having the dimension [f^ ] = M−3; !p =
√
4ne0=me is the non-relativistic expression for the plasma frequency.
The new (linear over GF ) terms are stipulated by the neutral current contributions coming in the fourth term from
the weak ee-scattering and due to the -scattering in the last term. Unfortunately, these new terms lead to the
negligible displacement of the resonant frequency while the increment is still determined by the rst line in eq. (11)
originated by the ee-scattering. The physical sense of such displacement is obvious: -scattering does not transfer
energy to the electron subsystem as well as the weak ee-scattering to the neutrino one.
For µ,τ -neutrinos any instability eect is absent when one neglects the axial coupling cA as we did in this subsection.
Really, omitting the W-boson contribution (changing (1+4)2=4 = c2V e-term to (1−4)2=4 = c2V µ within the brackets
of the dispersion equation (10)) we loose the neutrino beam influence the plasma environment. The presence of
the misleading coecient c
′2
V ahead ν in the work [10] is due to the neglect there the weak ee-scattering through
the Z(0)-boson (note that the vector part of this weak ee- amplitude is proportional to the same (1 − 4)). This
ee-scattering term compensates the neutral current contribution in eq. (10) originated by the e-scattering.
For the case  = 1=4 omitting also the last -scattering term in (11) we have reproduced exactly the dispersion
equation obtained in [7]. The prediction of the streaming instability driven by the neutrino beam in a dense plasma
(i.e., outside the neutrinosphere of a supernova) [7] was criticized in [10,17,18], however, in this section we do not
touch these issues following from eq. (11).
Let us turn to the case of magnetized plasma.
B. Equilibrium state in a polarized electron gas
In the linear approximation the distribution functions are of the form
f (ν)(q;x; t) = f (ν)0 (q) + f
(ν)(q;x; t) ;
f (e)(p;x; t) = f (e)0 ("p) + f
(e)(p;x; t) ;
S(e)(p;x; t) = S(e)0 ("p) + S
(e)(p;x; t) ; (12)
where the neutrino background is given by f (ν)0 (q) not being in equilibrium with a plasma environment (e.g. for the
powerful neutrino flux outside of the SN neutrinosphere), and we have considered the uniform polarized equilibrium











j ("p) : (13)
Here f (0)("p) = [exp("p − )=T ) + 1]−1 is the equilibrium Fermi function, and
S
(0)
j ("p) = −





is the equilibrium spin distribution.
One can easily check that in the quasi-classical limit given by eq. (26) the exact expression for the magnetization
of the electron gas
M
(0)









0 ("p(; n)) (15)
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acquires the quasi-classical form
M
(0)












where the spin distribution S(0)j ("p) is given by eq. (14) and D("p) = pme=(2)
2. In particular, in the NR limit this
background magnetization corresponds to the spin paramagnetism of the free electron gas in metal [19].
On the other hand, in the same NR limit integrating eq. (3) over d3p one can easily reproduce Bloch equation [20] for
the magnetization density perturbation m(x; t) = B
∫
d3pS(p;x; t)=(2)3 generalized in [11] for an inhomogeneous
medium (see next section).
Note that for the degenerate electron gas from the quasi-classical Eq. (16) one obtains the same value M (0)z =j
B jj e j B0pFe=22 as it follows from the exact quantum eq. (15) for an arbitrary strong magnetic eld for which
electrons which populate the main Landau level (n=0) contribute only.









j B j ;
that changes the spectrum of the ultrarelativistic neutrino, "q = q + V + VA, comparing with the standard one in an
isotropic medium, "q = q + V , and modies the neutrino oscillations in SN [8,9]. In our kinetic approach we do not
consider oscillations assuming the spectrum "q = q for massless neutrino of the given kind a, a = e; ;  .
III. BLOCH EQUATION IN THE PRESENCE OF NEUTRINO BEAM
Substituting the linear decomposition (12) into eq. (3), then integrating the latter over d3p and multiplying by B
we have generalized Bloch equation for the magnetization density perturbations m(x; t) in a polarized NR electron
gas that is the base of the theory of the electron paramagnetic resonance in the absence of weak interactions [20] while






















= 0 : (17)
Here 0 = −22B
∫
d3p(df (0)=d"p)=(2)3 is the static susceptibility of the polarized electron gas 2; b(x; t) is the
magnetic eld perturbation in the total eld B(x; t) = B0 + b(x; t); ne0 =
∫
d3pf (0)("p)=(2)3 is the density of
the electron gas. The pseudotensor kj(x; t) = B
∫
d3pvkSj(p;x; t)=(2)3 describes spatial inhomogeneity of the
magnetization and the last new vector term ( cA) corresponds to the parity violation for the evolution of the
macroscopic axial vector mj in SM.
In order to break the chain of hydrodynamical equations for magnetization moments, mj , ij , etc, one can consider
long-wave spin waves with the wave lengths s that are much bigger than the electron Larmour radius, s  leH . In


















that allows us to complete our hydrodynamical system by the equation for the pseudotensor ij ,
2The static susceptibility is small in a degenerate electron gas , χ0 = αvFe/4pi
2  1 , in contrast with the varying one χ(t)
(see below eq (20)). This is the reason why the static magnetic induction B0 = (1 + 4piχ0)H0 and the magnetic eld strength




























= 0 : (18)
Here Ωe = eB0=me is the electron cyclotron frequency;




d3pv2df (0)=d"p is the average of the velocity squared; n^B = B0=B0 is the unit pseu-
dovector and last true tensor term describes the parity violation through weak interactions. Note that eq. (18) occurs
important accounting for the spatial dispersion and claims an inclusion of exchange interactions we omitted here.
IV. NEUTRINO DRIVEN STREAMING INSTABILITY OF SPIN WAVES
In this section we derive from generalized Bloch equation (17) the dispersion equation in magnetized plasma in the
presence of neutrino beam.
Let us consider for simplicity the case of long-wave perturbations with the spectrum !(k) obeying the inequalities
k2
!
 !  k < v > : (19)
As the mean electron velocity < v > is small in NR plasma, < v > 1, and keeping in mind the Maxwell equation
written in the Fourier representation b = [k  E]=! one nds from the condition k=! < v > that the electric
eld contribution in the spin RKE (3) ( E) is negligible comparing with the magnetic one even for the maximum
frequency in whole space-like region !  k relevant to the Cerenkov resonance with neutrinos, ! = kn. Without
electric elds the transversal components of the permeability and the susceptibility tensors (i; j = x; y) appearing in
the second term of (17) are diagonal in plasma, ij(!;k) = (!;k)ij , ij(!;k) = (!;k)ij , that diers this medium
from ferromagnets.
Moreover, the latter inequality in (19), !  k < v >, means the high-frequency approximation, for which the
spatial uniform susceptibility (t) and the permeability (t) = 1 + 4(t) can be considered instead of more general
ones, (x; t) and (x; t), that allows us to neglect the complicated pseudotensor term ij in (17) as well as the spatial
dispersion in the perturbations m(x; t) =
∫
dt0(t− t0)h(x; t0) and b(x; t) =
∫
dt0(t− t0)h(x; t0) correspondingly
where h(x; t) = hx(x; t) ihy(x; t) is the magnetic eld strength perturbation.




!  Ωe(1 − 40) ; (20)
that may be nite at the paramagnetic resonance ! = Ωe given by the equation 1 + 4(!) = 0. Latter follows
from the shortened Maxwell equation k (b− 4m) = 0 when one neglects electric eld terms.
Then substituting into (17) the solution of the neutrino RKE (1) obtained in the same linear approximation (12),



























Sl(pe;k; !) ; (21)
we can rewrite the generalized Bloch equation (17) in the Fourier representation as





















eiklkk[bl(k; !)− 4ml(k; !)] + !Ei
)
= 0 : (22)
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Here the factor ν is given after eq. (11); the vector A(ν)l  A(ν)l (!;k) and the scalar B(ν)  B(ν)(!;k) depend on































Obtaining last term in eq. (22) ( cAcV ) we used the exact Maxwell equation (6) when we substituted the convection
current ji(k; !) =
∫
d3pvif
(e)(p;k; !) in the rst line of eq. (21).
One can easily see that in NR plasma with a low electron density n0e  m3e  21031 cm−3 the general condition of
the macroscopic description 2=k (n0)−1/3 means that long wave lengths exceeding the Compton one, 2=k m−1e
are possible only, and due to (19) frequencies obey the inequality !  k  me.
Accounting for low ! and k and comparing the term  cV cA with the previous one in eq. (22) ( c2A) one nds that
the convection current gives a negligible contribution. Note that for µ,τ -neutrinos with j cV j 1 such correction
becomes even less than for e. Omitting also the small term  0 we arrive to the shortened form of (22),






l (!;k)ml(k; !)ikj = 0 : (25)
















+ k−) = 0 ; (26)
with the vector A(ν)i as given in eq. (23).
In the particular case of the neutrino beam, f^ (ν)0 (q) = (2)
3(3)(q − q0), n0 = q0=q0, for the transversal neutrino
propagation n0 ? B0 with the beam direction along x-axis, n0 = (1; 0; 0), and the magnetic eld B0 = (0; 0; B0) we

















(j cA j sin q0)2/3 ; (27)
where we substituted the scalar product kn0 = k cos q0 = k sin  cos denoting q0 as the angle between the neutrino
beam direction and the wave vector k;  is the angle of k with respect to the magnetic eld B0. Note that we relied
in the last inequality on the frequency approximation k  ! ’ Ωe assumed above.
Let us compare this increment with the fastest one in the case of isotropic plasma following from the rst line in













One can easily see the advantage of the excitation of collective modes by the intense neutrino flux in a polarized
electron gas. For a strong magnetic eld in a dense plasma obeying Ωe > !pe the angular dependence in eq. (27)
 (sin q0)2/3 gives a less suppression of the increment for the small angles q0  arccos(< v > =c) for which Landau
damping for growing modes is absent. This is due to the absence of the factor (1 − !2=k2)2 in the new dispersion
equation (26). It is obvious that such angular dependence would be especially dangerous and important for the
relativistic plasma case.
On the other hand, there are other arguments against streaming instability driven by neutrino beams in SN (e.g.
not collimated beam) [10] to be relevant for neutrino propagation in a magnetized medium. Nevertheless, we have
just showed that in a polarized electron gas the dispersion equations are quite dierent from the case of the isotropic
plasma [7,10,18] that stimulates a future exploration of collective plasma phenomena in the presence of intense neutrino
fluxes.
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V. DISCUSSION AND CONCLUSIONS
The violation of parity in the SM lepton plasma given by axial vector currents ( cA) leads to the growth of
spin eigen modes through the excitation of them by the intense neutrino flux. These spin waves can be coupled
with the magnetosonic ones analogously to the case of spin waves in ferromagnets [21] or could transfer their energy
to electromagnetic and plasma waves at the cross of spectra that nally could lead to the heating of ions and the
background plasma.
The possible explanation of the shock revival in SN by dierent collective mechanisms including the neutrino driven
streaming instability seems to be very perspective goal for future studies in the case of polarized electron gas.
The application of these mechanisms in the magnetized plasma behind the shock and outside the SN neutrinosphere
is self-consistent with plasma parameters expected there. Really, we do not consider neutrino collisions with matter
within this region using the collisionless neutrino RKE (1) and may also neglect the electron-ion collision frequency
ei comparing with the cyclotron frequency at the paramagnetic resonance ! = Ωe. Hence collisionless Vlasov
approximation should be valid for the spin equation (3) as well as for the electron RKE (2) since the Debye number
is large, ND = n0er3D  1. Indeed, in the eld B0 = 1012 Gauss the cyclotron frequency reaches Ωe = 1:7 107B0 
1:7  1019 sec−1. This frequency is comparable with the plasma one at the density ne0  1029 cm−3, !pe = 1:8 
1019 sec−1, and occurs larger than e.g. the electron-proton collision frequency ep = 50ne0(cm−3)=(Te(K))3/2 sec−1 
1:6  1017 sec−1 in the surrounding NR plasma with the temperature Te  109 K. For these parameters the Debye
radius rD  10−9 cm obeys the large plasma parameter ND  100 1.
Under such conditions for the mean neutrino energy q0  10 MeV the increment (27) reaches the maximum value
  1010 sec−1 that means too sharp collimated neutrino beam with the spread of directions n0 for xed k not
exceeding kn0=Ωe < =Ωe  10−9. If neutrinos move along radii beyond the neutrinosphere r > Rν this estimate
is too optimistic for macroscopic scales L > 10−9r since there is a spread of the angular distribution of neutrino
trajectories that damages simple model with parallel rays assumed here [10].
Nevertheless, we think the simple dispersion equation (26) based on the enhancement of pure magnetic eld per-
turbations is only a particular case of the general kinetic equations derived here.
Note that even in this approximation there are some advantages of our model comparing with the isotropic plasma
case discussed in [7,10,17,18] as we have just shown in previous section (after eq. (28)).
A more general case with the overlap of electromagnetic eigen modes in a polarized medium and accounting for the
spatial dispersion in such plasma seems to be the more realistic model for a magnetized SN while it is beyond of the
scope of the present work .
We would like to acknowledge discussions with A.S. Volokitin. This work was supported for V.S. by the RFBR
grant 00-02-16271.
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